Filopodia are finger-like extensions of the cell surface that are involved in sensing the environment [1] , in attachment of particles for phagocytosis [2] , in anchorage of cells on a substratum [3] , and in the response to chemoattractants or other guidance cues [4] [5] [6] . Filopodia present an excellent model for actin-driven membrane protrusion. They grow at their tips by the assembly of actin and are stabilized along their length by a core of bundled actin filaments. To visualize actin networks in their native membrane-anchored state, filopodia of Dictyostelium cells were subjected to cryoelectron tomography. At the site of actin polymerization, a peculiar structure, the ''terminal cone,'' is built of short filaments fixed with their distal end to the filopod's tip and with their proximal end to the flank of the filopod. The backbone of the filopodia consists of actin filaments that are shorter than the entire filopod and aligned in parallel or obliquely to the filopod's axis. We hypothesize that growth of the highly dynamic filopodia of Dictyostelium is accompanied by repetitive nucleation of actin polymerization at the filopod tip, followed by the rearrangement of filaments within the shaft.
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Summary
Filopodia are finger-like extensions of the cell surface that are involved in sensing the environment [1] , in attachment of particles for phagocytosis [2] , in anchorage of cells on a substratum [3] , and in the response to chemoattractants or other guidance cues [4] [5] [6] . Filopodia present an excellent model for actin-driven membrane protrusion. They grow at their tips by the assembly of actin and are stabilized along their length by a core of bundled actin filaments. To visualize actin networks in their native membrane-anchored state, filopodia of Dictyostelium cells were subjected to cryoelectron tomography. At the site of actin polymerization, a peculiar structure, the ''terminal cone,'' is built of short filaments fixed with their distal end to the filopod's tip and with their proximal end to the flank of the filopod. The backbone of the filopodia consists of actin filaments that are shorter than the entire filopod and aligned in parallel or obliquely to the filopod's axis. We hypothesize that growth of the highly dynamic filopodia of Dictyostelium is accompanied by repetitive nucleation of actin polymerization at the filopod tip, followed by the rearrangement of filaments within the shaft.
Results

Membrane-Associated Actin Organization in a Filopod
To visualize the organization of actin filaments in a nearto-live context with the plasma membrane, we made use of three advantages of cryo-electron tomography: (1) the instantaneous arrest of filament networks in their functional state by the vitrification of cells, (2) the preservation of membranes to which the actin network is anchored, and (3) no need for metal decoration to enhance contrast [7] . Whole cells that moved on EM-specimen supports were vitrified. From these cells, tilt series were recorded and used for three-dimensional (3D) reconstructions. Figure 1A provides an overview of filament arrangements and interactions with the membrane. In Figures 1B-1D , portions of the same filopod are shown in stereo, beginning with its tip region, followed by the shaft and the root that anchors the filopod in the cortical actin network.
The tip region comprises a zone of about 150 nm in length populated by short filaments. Most of these filaments converge toward the hemispherical tip of the filopod, and several are connected to the plasma membrane at both their distal and proximal ends ( Figure 1B) . We refer to this arrangement as the ''terminal cone'' of actin filaments. From cryo-electron tomograms of three filopodia, quantitative information was extracted. The number of filaments in cross-sections through the terminal cone varied around 10, with average lengths in the three filopodia of 85, 144, and 114 nm. In two filopodia, average angles q of actin filaments, measured relative to the direction of the filopod axis, were q 1 = 14 and q 2 = 11 . In the third filopod, which was thicker, the average angle was q 3 = 28 (see Table S1 in the Supplemental Data available online).
No continuity is evident in our images between these filaments and the mostly parallel filaments of the shaft ( Figure 1C ), but the two categories of filaments are interspersed and connected to each other. Along the shaft, filaments have average lengths on the order of 200 nm; the longest ones measured 440 nm. These actin filaments are therefore substantially shorter than the filopod, which has a length of about 1 mm. At the base of the filopod, the bundled actin filaments are connected to a web of filaments that are linked to each other at various angles, integrating the core of the filopod into the cortical actin network of the cell ( Figure 1D ).
Filaments in the cylindrical shaft of the filopod are often connected to the plasma membrane with their proximal or distal ends (asterisks in Figures 2A-2C and arrows in Figures 2D and 2E) . Some of the filaments are oblique relative to the filopod axis, connecting one side of the filopod with the other. Actin filaments that terminate in free ends confirm that filaments are not continuous from the filopod's tip down to the base (circle in Figure 2D ). In addition, cross-bridges connect filaments along their length to each other or to the plasma membrane (bracket and arrowheads in Figure 2E) .
Because of the abundance of filopodia in Rac1A-overexpressing cells, we have primarily used these cells for electron tomography. In order to verify that the overexpression of Rac1A increases the number of filopodia without substantially changing their architecture, we have also applied the technique to wild-type cells (Figures 2F-2I ). Sections through a filopod from such a cell show the same characteristics as described for Rac1A overexpressors, in particular the presence of short converging filaments in the tip region.
Extension and Retraction Phases of Filopodia
Each electron tomogram shows a filopod in a transient stage of the protrusion-retraction cycle. Seeking criteria *Correspondence: gerisch@biochem.mpg.deto specify that stage, we monitored filopod dynamics in live cells. During protrusion, filopodia were straight and not expanded at their ends ( Figure 3A ). During retraction, the filopodia often bent near their base and tended to bulge at their tip ( Figure 3B ). The filopodia of wild-type cells extended with initial velocities of about 1 mm 3 s 21 , reaching lengths of up to 5 mm ( Figure 3C ). For comparison with electron tomograms, we also investigated filopodia in cells that overexpress GFP-Rac1A. Figure 3D shows long filopodia with the typical pointed shape in cells strongly expressing GFP-Rac1A. These filopodia reached extension rates at least as high as in wild-type cells ( Figure 3E ).
The characteristics of extending and retracting filopodia observed in live cells were used to assign electron tomograms to a putative sequence of protrusion and retraction. In Figures 4A and 4B , filopodia are shown with an arrangement of actin filaments at their tip similar to that of Figure 1 , which we consider typical of protruding filopodia. In the short filopod of Figure 4A , actin filaments are not seen to be bundled along the length of the filopod, whereas in the filopod of Figure 4B , parallel orientation of filaments appears to commence. Bulbous ends ( Figures 4C and 4E ) and a bent base ( Figure 4D ) are characteristic of retracting filopodia in live cells. The electron-dense clusters colored in green might represent complexes of monomeric actin or aggregates of short filaments.
In the bent base of the filopod in Figure 4D , filaments originating in the actin network of the cell cortex are attached with their distal ends to the convex region of the filopod membrane (see also Figure S1 ). Other filaments are attached with their proximal ends to the membrane and extend into the shaft of the filopod. These differences in filament orientation and membrane association confirm that there is no continuity of actin filaments along the filopod, and they suggest extensive reorganization of filaments during the protrusion-retraction cycle.
The filopod shown in Figure 4E is nearly depleted of filamentous structures at its end. It appears, therefore, that retraction of the filopodia lags behind the disassembly of bundled actin filaments, resulting in a transitory lack of local support for the filopod membrane.
Discussion
Topology of Actin Filaments at the Site of Force Production Filopodia are dynamic organelles in which net assembly and disassembly of actin filaments are synchronized with phases of protrusion and retraction. They are well suited to study actin dynamics in connection with membrane protrusion, because actin polymerizes in a circumscribed area at the tip of a filopod, in close apposition to the inner face of the plasma membrane where the machinery for protrusion is located [8] .
The polymerization of actin is thought to provide the power for pushing the membrane forward [8] [9] [10] . Thus, the arrangement of actin filaments in this region is crucial to the capacity of a filopod to grow. Cryo-electron tomography of Dictyostelium filopodia has revealed about 10 short filaments present in that region, arranged in a cone pointing toward the hemispherical tip of the filopod ( Figures 1A and 2A-2C , and Table S1 ). These short filaments are not preserved in cytoskeletons of Dictyostelium prepared by combining Triton-X100 extraction with glutaraldehyde fixation [11] . An example showing disappearance of the terminal cone upon membrane removal by detergent has been previously reported ( Figure 10B in [12] ).
The number and limited length of actin filaments in the terminal cone are relevant to force generation. Too few filaments cannot generate enough force to overcome the membrane resistance, whereas too many filaments with open plus-ends deplete the pool of actin subunits and therefore grow slowly [13] . If the free length of an actin filament is too high, the filament will buckle even under a small load [14, 15] . The force required for buckling is raised by one order of magnitude if the filament end contacting the membrane is tethered rather than free to slide [16] . This might be the case for actin filaments centered in the midpoint of the filopod's tip.
In none of the 12 tomograms analyzed did we observe vesicles within the filopodia. Therefore, our data do not provide evidence for the supply or removal of membrane material through vesicular transport along a filopod, suggesting that membrane area required for filopod growth is derived from the membrane of the cell body.
Fast Extension of Filopodia in Dictyostelium
In Dictyostelium cells, filopodia extend with velocities of 1 mm 3 s 21 or more ( Figures 3C and 3E ), rates at least 60-fold higher than the rate of actin assembly in neuronal filopodia [8] . Taking an increment in the filament length of 2.7 nm per actin monomer added and an average angle of 20 for the orientation of actin filaments relative to the axis of a filopod, the filopod will be elongated by 2.5 mm upon the addition of 1000 subunits to each force-producing filament (neglecting elastic deformation in the actin network). A filopod protrusion rate of 1 mm 3 s 21 will then correspond to the incorporation of 4 3 10 2 subunits per second into an actin filament. In the fastest filopodia shown in Figure 3 , the rates are close to the average extension rate of actin filaments in the cortical network of Dictyostelium cells, which corresponds to 11 3 10 2 subunits per second and is thought to be a formin-mediated process [6] . It remains unknown whether the structural features found in Dictyostelium are specific to fast-growing filopodia. In slower filopodia, bundles of continuous actin filaments extending from the base to the tip of a filopod have been found [17] .
Rearrangement of Actin Filaments along the Shaft of a Filopod
Filaments in the tip region of a Dictyostelium filopod end up with both their proximal and distal ends at the membrane. These filaments are likely nucleated de novo during filopod extension. Subsequently, they must be rearranged to convert into the array of mostly parallel and The tomograms of (A)-(E) were taken from GFP-Rac1A-expressing cells, those of (F)-(I) from wild-type cells.
(A-C) Three consecutive tomographic slices through an entire filopod (also shown in Figure 1 ), illustrating the presence of transverse actin filaments in addition to longitudinally oriented ones. Asterisks indicate filaments that point with their ends toward the lateral membrane of the filopod. (D and E) Two slices through the shaft of filopodia oriented with their tips toward the upper right of the panels. Details shown demonstrate discontinuity of filaments along the filopod: free ends of actin filaments within a filopod (encircled), filaments attached with their ends to the lateral membrane (arrows), short filamentous bridges that connect individual filaments along their length with the filopod membrane (arrowheads and bracket). (F-I) Four consecutive sections through the reconstructed volume of a wild-type filopod, showing that the arrangement of filaments at the tip and along the shaft of a normal cell is similar to that observed in Rac1A-overexpressing cells. Note that slices in (F)-(I) are three times thicker than in (A)- (C) . In (D) and (E), denoising was used to increase contrast. Scale bars represent 200 nm.
bundled filaments that fill the filopod shaft. In retracting filopodia, the actin filaments may be fragmented, as indicated by delayed filopod retraction at neuronal growth cones in mice devoid of the severing protein gelsolin [18] . Support for our ''sequential nucleation model'' is provided by the presence of DdDia2 specifically at the tip of Dictyostelium filopodia. This formin has nucleating activity and is required for the formation and maintenance of filopodia [19] . DdDia2 interacts with VASP [20] , another protein required for filopod formation [21] . Members of the ENA/VASP family are also present at the filopod tips of embryonic hippocampal neurons in mice [22] . Nucleation of actin filaments is implied by the finding that Dictyostelium filopodia can repeatedly branch. Each of the branches retains the thickness of the common stem [2] , suggesting that the number of actin filaments doubles at a branch point.
Since the actin filaments are shorter than the entire filopod, the integrity of the actin skeleton depends on the interconnections of filaments and on their bridges to the plasma membrane. This network of discontinuous filaments is subject to rapid reorganization. In particular, the bending of retracting filopodia, along their shaft or close to their base, requires a change from a radially symmetric to an asymmetric distribution of mechanical forces. The asymmetry is reflected in the arrangement of actin filaments in a bent filopod ( Figure 4D and Figure S1 ). Flexibility superimposed on mechanical stability is important for the role of filopodia in capturing bacteria and processing them for phagocytosis at the cell surface.
In conclusion, cryo-electron tomography reveals structural details of the force-generating apparatus in its membrane-anchored state that are not recognized otherwise. The region of force production for membrane protrusion at the tip of filopodia is specified in Dictyostelium cells by the conical arrangement of short actin filaments that are anchored at both their ends to the plasma membrane. Our data suggest that sites of de novo nucleation and growth of actin filaments are located near the tip of these filopodia and that rearrangement of actin Fluorescence images were taken at a plane remote from the substrate to ascertain that filopodia were not arrested by attachment; only filopodia whose tips remained within the plane of focus during their extension or retraction phases were analyzed. Scale bars represent 1 mm in (A) and (B) and 10 mm in (D).
filaments throughout the shaft accompanies elongation and bending of the filopodia. In filopodia of Dictyostelium, the actin network switches within seconds from states of assembly to disassembly in accord with the rapid protrusion and retraction of filopodia. Further studies applying cryo-electron tomography to more slowly growing filopodia, such as those of neuronal growth cones, will show whether the arrangement of actin filaments in a terminal cone as well as the discontinuity of filaments along the shaft is typical of filopodia in general or is characteristic of highly dynamic filopodia that require enhanced force production in order to accelerate membrane protrusion.
Experimental Procedures
Cells of D. discoideum strain AX2 (''wild-type'') and of the same strain expressing GFP-Rac1A-WT, a GFP-fusion of unmutated Rac1A [23] , were cultivated near to confluency at 23 C in polystyrene cell culture dishes containing nutrient medium with maltose [24] . Cells were harvested by washing them twice in 17 mM K/Naphosphate buffer (pH 6.0). For confocal fluorescence microscopy, cells were transferred onto glass coverslips, washed in the phosphate buffer, and scanned with either a Zeiss LSM510 line-scan or a Perkin-Elmer Ultra View spinning disc microscope (see Supplemental Data).
For cryo-electron tomography, cells were incubated on carboncoated platinum grids for 30 to 60 min before they were rapidly frozen in liquid ethane [25] . Tilt series covering an angular range from -60 to 60 with 1.5 tilt increments were recorded automatically [26, 27] with a Philips CM 300 FEG microscope equipped with a Gatan GIF 2002 energy filter and at an underfocus of 14 mm. The projection images were aligned and reconstructed by a weighted back-projection algorithm as implemented in the EM software package [28] . For visualization purposes, the reconstructed volumes were processed by an anisotropic denoising algorithm [29] . Surface rendering was done with the Amira 3.1 software package.
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